Environmental costs and benefits of growing Miscanthus for bioenergy in the UK by McCalmont, Jon et al.
Aberystwyth University
Environmental costs and benefits of growing Miscanthus for bioenergy in the UK
McCalmont, Jon; Hastings, Astley; Mcnamara, Neil ; Richter, Goetz M.; Robson, Paul; Donnison, Iain; Clifton-
Brown, John
Published in:
GCB Bioenergy
DOI:
10.1111/gcbb.12294
Publication date:
2017
Citation for published version (APA):
McCalmont, J., Hastings, A., Mcnamara, N., Richter, G. M., Robson, P., Donnison, I., & Clifton-Brown, J. (2017).
Environmental costs and benefits of growing Miscanthus for bioenergy in the UK. GCB Bioenergy, 9(3), 489-507.
https://doi.org/10.1111/gcbb.12294
Document License
CC BY
General rights
Copyright and moral rights for the publications made accessible in the Aberystwyth Research Portal (the Institutional Repository) are
retained by the authors and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the Aberystwyth Research Portal for the purpose of private study or
research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the Aberystwyth Research Portal
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
tel: +44 1970 62 2400
email: is@aber.ac.uk
Download date: 09. Jul. 2020
RE S EARCH REV I EW
Environmental costs and benefits of growing Miscanthus
for bioenergy in the UK
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Abstract
Planting the perennial biomass crop Miscanthus in the UK could offset 2–13 Mt oil eq. yr1, contributing up to
10% of current energy use. Policymakers need assurance that upscaling Miscanthus production can be performed
sustainably without negatively impacting essential food production or the wider environment. This study
reviews a large body of Miscanthus relevant literature into concise summary statements. Perennial Miscanthus
has energy output/input ratios 10 times higher (47.3  2.2) than annual crops used for energy (4.7  0.2 to
5.5  0.2), and the total carbon cost of energy production (1.12 g CO2-C eq. MJ1) is 20–30 times lower than fos-
sil fuels. Planting on former arable land generally increases soil organic carbon (SOC) with Miscanthus sequester-
ing 0.7–2.2 Mg C4-C ha1 yr1. Cultivation on grassland can cause a disturbance loss of SOC which is likely to
be recovered during the lifetime of the crop and is potentially mitigated by fossil fuel offset. N2O emissions can
be five times lower under unfertilized Miscanthus than annual crops and up to 100 times lower than intensive
pasture. Nitrogen fertilizer is generally unnecessary except in low fertility soils. Herbicide is essential during the
establishment years after which natural weed suppression by shading is sufficient. Pesticides are unnecessary.
Water-use efficiency is high (e.g. 5.5–9.2 g aerial DM (kg H2O)
1, but high biomass productivity means
increased water demand compared to cereal crops. The perennial nature and belowground biomass improves
soil structure, increases water-holding capacity (up by 100–150 mm), and reduces run-off and erosion. Overwin-
ter ripening increases landscape structural resources for wildlife. Reduced management intensity promotes
earthworm diversity and abundance although poor litter palatability may reduce individual biomass. Chemical
leaching into field boundaries is lower than comparable agriculture, improving soil and water habitat quality.
Keywords: biodiversity, bioenergy, crop modelling, energy crops, GHG, land-use change, Miscanthus, perennial grasses, plant
ecophysiology, renewable energy
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Introduction
The IPCC 5th report (IPCC, 2014) makes clear that it
is extremely likely that cumulative anthropogenic
greenhouse gas emissions have led to unequivocal cli-
mate warming with temperature and precipitation
extremes seen since the 1950s that are unprecedented
over millennia. The report states with high confidence
that without additional mitigation efforts, climate
warming will more likely than not exceed 4 °C above
pre-industrial levels by 2100; extremes of weather
resulting from this would lead to ‘substantial species
extinctions, global and regional food insecurity, and
consequential constraints on human activities’ with
the highest relative price to be paid by those least
responsible for the problem. The IPCC states categori-
cally that limiting these impacts to more manageable
levels requires net global CO2 emission to decrease to
zero in the next few decades through rapid decar-
bonization of energy production. Sustainable biomass
offers the almost unique opportunity to provide stor-
able, flexible use of fuel that can be readily converted
to heat, electricity, or even liquid transport fuels and
is the single option that might provide a future mech-
anism to remove atmospheric carbon by capture and
storage (CCS) (ETI 2015). Over the past 20 years,
fairly comprehensive field data have become available
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for the clone-based interspecies hybrid M. giganteus.
This review examines the environmental benefits and
trade-offs associated with large-scale planting of Mis-
canthus for UK bioenergy, now made possible by
recent breeding of seed-based hybrids in the UK and
USA. The review focusses on environmental impacts
of field production; it does not cover wider economic
analyses that are also important determinants of com-
mercial uptake.
Renewable fuels
Use of renewable energy in the UK mix was up 30%
from 2012 to 2013 (see Fig. 1); it supplied 14.9% of UK
electricity which was 5.2% of total energy (DUKES
2014a), well short of the UK 2012 Bioenergy Strategy
target of 15% of total energy by 2020 (DECC, 2012).
Plant biomass supplied 21.6% of total renewables which
offset 2079 kt of oil equivalent electricity and 339 kt oil
eq. heat (DUKES 2014b). Despite the replacement of
2.4 million tonnes of oil use, domestic biomass produc-
tion remains at a low level compared to total energy
demand. Only 0.05 Mha, or 0.8%, of UK arable land
was used for bioenergy production in 2013 with
0.03 Mha being used to produce maize for anaerobic
digestion (DEFRA 2014a). Results from the OFGEM bio-
mass sustainability data set (Ofgem 2014), excluding liq-
uid feedstocks or anaerobic digestion, showed the UK
burnt 3.9 Mt of plant biomass for electricity in 2013; of
this, 1.8 Mt was produced in the UK with the majority
being wood products. Home grown dedicated energy
crops provided only 56 kt: 47 kt of Miscanthus and 9 kt
of SRC willow.
Biomass crops
While the initial premise regarding bioenergy was that
carbon recently captured from the atmosphere into
plants would deliver an immediate reduction in GHG
emission from fossil fuel use, the reality proved less
straightforward. Studies suggested that GHG emission
from energy crop production and land-use change
might outweigh any CO2 mitigation (Searchinger et al.,
2008; Lange, 2011). Nitrous oxide (N2O) production,
with its powerful global warming potential (GWP),
could be a significant factor in offsetting CO2 gains
(Crutzen et al., 2008) as well as possible acidification
and eutrophication of the surrounding environment
(Kim & Dale, 2005). However, not all biomass feed-
stocks are equal, and most studies critical of bioenergy
production are concerned with biofuels produced from
annual food crops at high fertilizer cost, sometimes
using land cleared from natural ecosystems or in direct
competition with food production (Naik et al., 2010).
Dedicated perennial energy crops, produced on exist-
ing, lower grade, agricultural land, offer a sustainable
alternative with significant savings in greenhouse gas
emissions and soil carbon sequestration when produced
with appropriate management (Crutzen et al., 2008;
Hastings et al., 2008, 2012; Cherubini et al., 2009; Don-
dini et al., 2009a; Don et al., 2012; Zatta et al., 2014; Rich-
ter et al., 2015). Greenhouse gas mitigation is a primary
concern in bioenergy production but is not the only con-
sideration, particularly for large-scale land-use transi-
tions. Bioenergy supply chains must be energetically
favourable, maintain or increase soil carbon, and be
cost effective and environmentally sustainable without
Fig. 1 Current UK renewable energy use as of end 2013, up 30% between 2012 and 2013, supplying 14.9% of UK electricity.
Bioenergy contributes 70.5% of total renewable with plant biomass alone contributing 21.6% at 3.9 Mt which was primarily imported.
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interfering with essential food production (Tilman et al.,
2009; Valentine et al., 2012). Miscanthus 9 giganteus
(hereafter Miscanthus), a low-input, fast-growing peren-
nial energy grass, is seen to offer an attractive alterna-
tive biomass crop (Lewandowski et al., 2003; Harvey,
2007; Heaton et al., 2008, 2010; Zhuang et al., 2013) with
energy output/input ratios around ten times that of
annual energy crops (Felten et al., 2013) and significant
potential to reduce fossil fuel CO2 emission (Clifton-
Brown et al., 2004, 2007; Hillier et al., 2009). Felten et al.
(2013) compared energy balances for oil seed rape
(OSR), maize, and Miscanthus and found output/input
ratios of 4.7  0.2, 5.5  0.2, and 47.3  2.2, respec-
tively.
Potential UK land availability
The 2007 UK biomass strategy (DEFRA, 2007) set a tar-
get of 0.35 Mha of UK agricultural land growing peren-
nial energy crops by 2020; this would be part of an
overall one million hectares in biofuel and energy crop
production. The 2012 UK Bioenergy Strategy (DECC,
2012) suggests that the potential land available specifi-
cally for Miscanthus that would not impinge on food
production is in the range of 0.72–2.8 Mha which is well
above the 2007 target (Fig. 2 puts the 0.35 Mha into con-
text by showing current UK agricultural land use and
5 year trends). These strategy reports stress that while
some energy crops may reduce soil erosion, improve
biodiversity, and aid fuel security, production must take
place ‘. . .in those parts of the UK where it makes
sense. . .’
Lovett et al. (2009) reported that 0.35 Mha of Miscant-
hus could be easily accommodated in the UK. Initially
considering just England, using a GIS approach, they
produced a constraint map based on 11 preclusion fac-
tors covering biophysical, social, and environmental con-
siderations, for example high soil carbon content,
cultural or natural heritage, and urban centres, with a
final constraint that only poorer quality land in agricul-
tural land class (ALC) grades 3 or 4 would be consid-
ered, excluding higher grades 1 and 2 and the worst
grade 5. Results suggested potential land availability for
Miscanthus, of 3.12 Mha, around one-quarter of total
English land area. The authors point out that the
0.35 Mha target represents only 11.6% of this and plant-
ing Miscanthus on this more marginal agricultural land
would not impinge on essential food production. Lovett
et al. (2014) expands the GIS constraint mapping to
include Scotland and Wales (see Fig. 3a). Here, results
suggested 8.5 Mha potentially suitable for growing Mis-
canthus or SRC willow/poplar, applying the extra restric-
tion to ALC grade 3 or worse reduced this to 6.4 Mha.
Grade 3 agricultural lands represent the majority of UK
farmland and covered around 59% of the total 8.5 Mha
identified in this study, excluding this and restricting
planting to the very worst agricultural land grades 4 and
5 left 1.4 Mha, four times the 0.35 Mha target.
Land-use change
Land-use change is central to UK agriculture, field crop
species and farming practices are in constant flux, and
land usage will typically follow an economic rationale
within the constraints of the EU’s Common Agricultural
Policy. In 1993, to curb EU overproduction of food,
farmers set aside a minimum of 15% of their cropped
land; by 2000, this had dropped to 10% and was zero by
2008. In England alone, from 2000 to 2006, the average
land area set aside was 0.57 Mha (DEFRA 2014b). The
days of set aside are over, agricultural production must
increase worldwide to meet growing demands for both
food and energy; accommodating this while avoiding
increased exploitation of natural lands requires a move
towards more sustainable intensification (Tilman et al.,
2011; Godfray & Garnett, 2014). Concentrating agro-
nomic effort and resources away from the least produc-
tive 10% of farmed area to more productive land while
retaining a low-input, high-output perennial energy
crop on these poorer areas could offer a mechanism for
both intensification and diversification within farms.
Farmers might identify areas of their farms where yields
of more conventional crops are at their lowest, and
bought at the expense of high effort and chemical
input while detracting effort from their more productive
land, and give this area over to at least one economic
Fig. 2 2013 extent and 5-year trends in major UK agricultural
land areas, 0.26 Mha of arable were uncropped in 2013 due to
poor weather in 2012 preventing annual cultivation.
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
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cropping cycle of a low-input perennial. Miscanthus can
improve overworked or difficult soils by acting as a
long-term break crop, increasing soil carbon, organic
matter, and earthworm diversity (Kahle et al., 2001;
Hansen et al., 2004; Felten & Emmerling, 2011). Perhaps
an ideal situation would see the cycling of this long-
term break crop around the farm area with conventional
crop rotations following to take advantage of the
improved organic matter and soil structure. Figure 2
shows a summary of some of the main UK agricultural
land uses on areas that might be suitable for Miscanthus
production and the variability of their extent between
2009 and 2013 (DEFRA 2014c). Of the 17.3 Mha of uti-
lized agricultural area (UAA) in the UK, around 3 Mha
(17.5%) were in cereal production in 2013, and this area
varied between 3 and 3.2 Mha over the last 5 years with
a not unusual 0.26 Mha being completely uncropped in
2013 due to high rainfall, preventing planting in autumn
2012. The area of temporary grassland less than 5 years
old, perhaps a prime candidate for Miscanthus produc-
tion in western areas of the UK, has been steadily
increasing over the last 5 years, currently 1.39 Mha (8%
of UAA), up from 1.24 Mha in 2009. The current extent
of oil seed rape (OSR) production, at 0.72 Mha, is more
than double the Miscanthus target. Land cover for this
conspicuous, high-input crop had risen from being
almost unknown in 1980 to 0.40 Mha by 1990 and cov-
ering more than 0.70 Mha by 2013 (DEFRA 2014d).
Modelling studies (Lovett et al., 2009; Hastings et al.,
2013) show that the mean yield of Miscanthus on grade
3b, 4, and 5 land outside the excluded areas is around
10 tons DM ha1 yr1, and the 2007 Biomass Strategy
target of 0.35 Mha could produce up to 70 PJ energy,
equivalent to 1.67 Mt of oil or 1.17% of total UK energy.
The 2012 Bioenergy Target range of 0.72–2.8 Mha would
produce 3.44–13.38 Mt oil eq. (2.41–9.39% of total
energy). Agricultural land is a finite resource in the UK,
providing a range of ecosystem services: from food and
energy to culture and leisure with impacts on water
quality and natural habitats. Milner et al. (2015) offer a
comprehensive ‘threat matrix’ quantifying the potential
impact on a range of ecosystem services across the UK
from land-use change to perennial biomass crops. They
concluded that there was little difference between Mis-
canthus and SRC when planted on lower grade land
with both offering positive improvements in service
provision although climate-driven yield estimates and
previous land-use were key factors. Optimization of
land utilization at a national scale is essential although
currently lacking, if land is to be used for producing
energy, then policy should aim to produce the maxi-
mum amount of energy per ha within the context of
(a) (b) (c)
Fig. 3 (a) shows distribution of agricultural land classes (ALC) with excluded areas in black following Lovett et al. (2014). (b) shows
the map of modelled annual change in soil carbon following land-use change from existing agriculture to Miscanthus outside these
areas from Milner et al. (2015), and (c) shows the potential carbon intensity index, in g CO2-C equivalent per MJ energy in the furnace,
compared to coal (33), oil (22), and North Sea gas (16). The Miscanthus carbon intensity is calculated considering rhizome propagation,
2-year establishment, pelletized fuel, and 100 km of transportation.
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
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wider ecosystem service provision. In terms of energy
production intensity, Miscanthus biomass produces
more net energy per hectare than other bioenergy crops
at around 200 GJ ha1 yr1, especially arable [maize for
biogas 98, oil seed rape for biodiesel 25, wheat and
sugar beet ethanol 7–15 (Hastings et al., 2012)]. Felten
et al. (2013) calculated similar figures, reporting
254 GJ ha1 yr1 for Miscanthus. Energy production
intensity calculated for woody perennials can vary sig-
nificantly by area (Bauen et al., 2010) with yield predic-
tions largely driven by future climate projections
(Hastings et al., 2013). Tallis et al. (2013) showed that in
the right circumstances, even old varieties of SRC wil-
low can exceed 150 GJ ha1 yr1, suggesting that plant-
ing combinations of crops may be most efficient for
overall energy production.
Soil carbon
More than twice as much carbon is stored in the world’s
soils compared to vegetation or atmosphere (Post et al.,
1990; Lal, 2004; Cox et al., 2011; Scharlemann et al.,
2014). It is critically important to understand the impact
of large-scale agricultural land-use change on these stor-
age reservoirs. Although extending the capacity of
European soils to sequester carbon may be limited rela-
tive to overall CO2 emissions (Smith et al., 1997; Mackey
et al., 2013), the potential for losing soil carbon through
misplaced land-use change could be far more signifi-
cant. Any soil disturbance, such as ploughing and culti-
vation, is likely to result in short-term respiration losses
of soil organic carbon, decomposed by stimulated soil
microbe populations (Cheng, 2009; Kuzyakov, 2010).
Annual disturbance under arable cropping repeats this
year after year resulting in reduced SOC levels. Peren-
nial agricultural systems, such as grassland, have time
to replace their infrequent disturbance losses which can
result in higher steady-state soil carbon contents
(Gelfand et al., 2011; Zenone et al., 2013). Upscale pre-
dictions of these carbon deltas rely on measurements of
sample data informing and validating process models
(Dondini et al., 2009a; Zatta et al., 2014; Agostini et al.,
2015). However, collecting enough samples to deter-
mine the significance level of any observed change can
be challenging (Kravchenko & Robertson, 2011) and it is
extremely rare to find baseline soil samples taken prior
to land-use change. Adjacent reference sites of the pre-
vious land-use are generally taken to represent baseline
soil conditions although these may not necessarily rep-
resent initial conditions accurately. Richter et al. (2015)
had the rare opportunity to compare Miscanthus soils
after 14 years to both archived baseline and an adjacent
reference site, though only at 0–30 cm; they found that
using the reference site would have suggested greater
declines in original SOC than were seen when com-
pared to the actual baseline. With these limitations in
mind, we report here results from empirical sample
data and discuss whether some clear trends emerge.
Table 1 summarizes nine soil sampling studies of
land-use transition from both arable and grassland with
SOC stocks compared to adjacent land. Across these
nine studies, 21 comparisons were made between Mis-
canthus plantations and grassland (7) or arable (14) with
plantation ages ranging from 3 to 19 years. Direct
comparisons of absolute numbers between studies are
problematic. Some studies (Hansen et al., 2004; Clifton-
Brown et al., 2007; Schneckenberger & Kuzyakov, 2007;
Dondini et al., 2009b; Poeplau & Don, 2014) sampled
only single sites within each comparison or age class,
while others (Felten & Emmerling, 2012; Zimmermann
et al., 2012) had multiple sites within each comparison.
Only two studies (Zatta et al., 2014; Richter et al., 2015)
had access to a baseline soil archive collected prior to
the land-use change; both these studies investigated the
impact on soil carbon of different Miscanthus genotypes,
while others were limited to M x giganteus. Sample
depths also varied widely as did management regimes
with some sites fertilized and others not. Despite this
variability, it seems likely that arable land converted to
Miscanthus will sequester soil carbon; of the 14 compar-
isons, 11 showed overall increases in SOC over their
total sample depths with suggested accumulation rates
ranging from 0.42 to 3.8 Mg C ha1 yr1. Only three
arable comparisons showed lower SOC stocks under
Miscanthus, and these suggested insignificant losses
between 0.1 and 0.26 Mg ha1 yr1.
The grassland to Miscanthus comparisons showed
three increases, three decreases, and one no change in
soil C stocks. no doubt complicated by the Miscanthus
being planted on former arable, arable/fallow, or grass-
land despite being compared to long-term grassland,
whereas all comparisons to arable were planted on
former arable land. The range of gains and losses was
relatively small, 1 to 0.94 Mg C ha1 yr1 with only
the increase of 0.94 Mg ha1 yr1 shown to be signifi-
cant (Hansen et al., 2004). Another study, not included
in Table 1 due to incompatibility of units (Kahle et al.,
2001), primarily compared plant derived organic matter
between Miscanthus and grassland but also sampled for
organic carbon at four sites in Germany over multiple
years making a total of 12 comparisons. Of these, 8
showed higher SOC stocks under Miscanthus compared
to the grassland with 5 of these being shown to be
highly significant (P < 0.01), only one site showed lower
concentrations of SOC across 2 years of sampling. One
literature review (Anderson-Teixeira et al., 2009) felt
confident to suggest that conversion of temperate grass-
land to Miscanthus would see an eventual increase in
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
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SOC, but the results here would suggest that there are
enough uncertainties to prevent making such an out-
right assertion, and it is perhaps safer to suggest that
over the lifetime of the crop SOC stocks in the soil pro-
file would be at least maintained. In unpublished work,
R. Rowe, A.M. Keith, D. Elias, M. Dondini, P. Smith, J.
Oxely and N.P. McNamara (2015, in submission) inves-
tigated multiple paired comparisons between Miscant-
hus and grassland (nine sites, mean age 7 years) and
Miscanthus and arable (11 sites, mean age 6.5 years) and
reported the results of soil carbon modelling from soil
cores taken at these sites. They report lower soil carbon
stocks under Miscanthus compared to both arable and
grassland control sites although these differences were
only found to be significant in the 0–30 cm layer, where
arable transition (mean plantation age 6.5 years) sug-
gested a reduction in soil carbon of
0.93 Mg C ha1 yr1 and grassland transition (mean
age 7 years) at 3.17 Mg C ha1 yr1; for the 0–100 cm
depth, these became 0.05 Mg C ha1 yr1 and
0.69 Mg C ha1 yr1 although differences were not
found to be significant when considered over this
depth. R. Rowe, A.M. Keith, D. Elias, M. Dondini, P.
Smith, J. Oxely and N.P. McNamara (2015, in submis-
sion) suggest sampling limitations in many previous
studies which typically sample to a fixed depth and do
not account for changes in soil bulk density due to
land-use change, and they employed an equivalent soil
mass sampling (ESM) strategy in their study, as out-
lined by Gifford & Roderick (2003). In this technique,
sample depth is adjusted to account for soil surface
uplift due to belowground Miscanthus biomass. R.
Rowe, A.M. Keith, D. Elias, M. Dondini, P. Smith, J.
Oxely and N.P. McNamara (2015, in submission) found
that apparently larger SOC stocks under Miscanthus
compared to controls were not seen when using ESM
sampling. However, while care was taken to account for
soil bulk density changes under Miscanthus, no similar
accommodation is made to account for possible erosion
losses under annual arable cultivations used as surro-
gates for baseline.
Soil carbon turnover
Even where results suggest maintained or increased
SOC, initial disturbance losses after planting Miscanthus
will still occur. It is important to note, as comprehen-
sively discussed by Agostini et al. (2015), that despite
SOC changes being generally reported as an annual
mean over the age of the plantation, these deltas are
unlikely to be constant over time. SOC derived from
crop inputs will be lower during the early years of
establishment (Zimmermann et al., 2012) with distur-
bance losses of resident C3 carbon outpacing C4 inputs
when planted into grassland. Litter drop and root exu-
dates are a function of yield and biomass and will build
and reverse this over time although long-term studies
over the potential 15–20 year crop lifetime are notably
lacking. Sources of SOC can be investigated using
isotopic analysis (Balesdent et al., 1987). C4 plants such
as Miscanthus discriminate less against 13C than native
C3 plants, and therefore, samples of SOC sequestered
under Miscanthus will show less depletion of this
isotope when compared to an atmospheric standard.
Zatta et al. (2014) showed that while SOC after conver-
sion of grassland to Miscanthus showed no significant
difference after 6 years, the isotopic signature showed a
clear C4 source demonstrating a rapid turnover in soil
carbon with mobilized C3 carbon being quickly
replaced, results also shown in other such studies (e.g.
Poeplau & Don 2014; Richter et al., 2015). Litter input to
the soil plays a vital role in sequestering carbon in a
mature crop, and overwinter litter drop in Miscanthus is
reasonably consistent at around 30–35% of aboveground
biomass production (Lewandowski et al., 2000; Clifton-
Brown et al., 2004). The dropped litter accounts for most
of the reduction in yield during ripening but is a gain
for soil carbon and organic matter and significantly
improves overall combustion quality of the harvested
biomass. Hansen et al. (2004) used stable isotope analy-
sis of soils under two Miscanthus plantations to calculate
a coefficient of retention for input of carbon from this
litter at 26% of the total carbon input for their 9-year-
old plantation, increasing to 29% for the longer, 16-year
plantation. The data collated in Table 1 suggest a rea-
sonable range of this C4-C sequestration rate in the top
30 cm to be between 0.5 and 1.5 Mg ha1 yr1 with one
outlier at 3.2 Mg ha1 yr1 (Dondini et al., 2009a). Com-
bining the, albeit limited, published sample data sug-
gests that stocks of SOC in the top 30 cm on converted
grasslands is likely to be higher than converted arable
land (Fig. 4), but that the accumulation of SOC occurs
faster in conversions from arable soils (Fig. 5). The cor-
relation between plantation age and SOC can be seen in
Fig. 6, although the wide scatter (R2 = 0.2) likely reflects
limited data; the trendline suggests a net accumulation
rate of 1.84 Mg C ha1 yr1 with similar levels to grass-
land at equilibrium.
Soil carbon spatial modelling across the UK
Soil carbon stocks are a balance between the soil organic
matter decomposition rate and the organic material
input each year by vegetation, animal manure, or any
other organic input. In Miscanthus plots, the difference
between peak yield and harvest offtake can be used to
calculate the soil carbon input from leaf fall and stubble
after harvest and estimates of root turnover (Hansen
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
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et al., 2004). If the previous land use and soil organic
carbon level is known, then the new soil carbon content
of land converted to Miscanthus plantations can be esti-
mated using models calibrated by field experiments,
either in arable land (i.e. Dondini et al., 2009a) or in
pasture (i.e. Zatta et al., 2014); this can be carried out
spatially for the entire UK land area and verified by the
other published data in Table 1. The cohort model
(Bosatta & Agren, 1985) is used in Fig. 3b to calculate
the mean annual SOC change for each km2 grid square
and its spatial distribution, and the model uses initial
soil carbon from the Harmonized World Soil Data Base
(HWSD) and the predicted SOC input over 15 years of
Miscanthus cropping. Figure 7 shows the histogram of
SOC change for the UK on land not excluded by Lovett
et al. (2014) for the first three 15-year crop cycles of
Miscanthus. Milner et al. (2015) give more details of this
and suggest that 99.6% of land within these constraints
planted with Miscanthus following economic scenarios
of Alexander et al. (2014) would see net gains in SOC
between 1.5 and 2.5 Mg C ha1 yr1, and the slope of
Fig. 5 at 1.84 Mg ha1 yr1 fits well within this range.
Hillier et al. (2009) give a detailed comparison of GHG
emissions and SOC changes based on yield predictions
for SRC poplar, Miscanthus, OSR, and winter wheat with
clear overall GHG benefits being seen with Miscanthus
and SRC on both arable and grassland.
Chemical requirements
Fertilizer
Nutrient offtakes at spring harvest in Miscanthus are
low, and it is therefore generally unfertilized in
commercial production except possibly during
establishment where initial soil nutrient status is low.
Unnecessary use of nitrogen fertilizer reduces the sus-
tainability of biomass production and GWP offset;
therefore, understanding where application is necessary
and at what specific rates is important. Cadoux et al.
(2012) reviewed nutrient offtake in mature Miscanthus
harvests in 27 studies over 10 countries and found a
median content of 4.9 g N (kg DM)1 when harvested
in the early spring. Given a typical UK offtake of
10–15 Mg DM ha1 yr1, the annual export of organic
nitrogen from a site in harvest material would range
between 49 and 73.5 kg N ha1. Accounting for an
atmospheric N deposition rate of 35–50 kg N ha1 yr1
Fig. 4 Boxplot of soil organic carbon stocks found under Mis-
canthus results from Table 1. The categories are land use (arable
or grassland) and depth of soil that is considered in the SOC
content reported in the literature. Varying sample depths
reported reflects limited data at greater depths from previous
grassland.
Fig. 5 Annual change in soil organic carbon (SOC) under
Miscanthus from Table 1; as Fig. 3, limited data at greater
depths for previous grassland.
Fig. 6 Plantation age vs. SOC stocks under Miscanthus from
Table 1; slope is 1.84 Mg ha1 yr1 (R2 = 0.2).
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
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(Goulding et al., 1998) suggests that Miscanthus is unli-
kely to benefit greatly from inputs of N unless it was
being established in very low fertility soils; for example,
an optimum application of 100 kg N ha1 was seen to
give significant yield benefits on a low-fertility sandy
loam soil by Shield et al. (2014). Shield et al. (2014)
emphasized that soil nutrient status prior to establish-
ment was key to determining the need for fertilizer, as
are ongoing circumstances. Lewandowski & Schmidt
(2006) reported that compared to triticale or reed canary
grass, Miscanthus showed far higher N-use efficiency
and did not respond well to high concentrations of N
fertilizer. Maximum yields were observed with no fertil-
izer but with existing plant available N in the soil
(mineralized) at 50 kg N ha1; higher applications of N
fertilization (above 114 kg N ha1 yr1) were detrimen-
tal to crop performance, particularly where soil water
was in short supply. Lewandowski et al. (2000)
reviewed 19 Miscanthus field trials across Europe and
reported that there was little response to N fertilizer
after the second or third year, although there was some
suggestion that early rhizome development may benefit
from a low level of application where soils may be low
in available N to begin with. This very low demand for
added fertilizer was reported by Christian et al. (2006)
who used 15N isotope-enriched nitrogen fertilizer
applied at 60 kg N ha1 to study uptake during the
establishment phase following planting. Only 23 kg
N ha1 of the total 117 kg N ha1 taken up by the
developing crop was found to have come from the fer-
tilizer, and 80% had come from mineralization of soil
organic matter of the former grassland or atmospheric
deposition. There is a growing body of evidence to sug-
gest some level of bacterial nitrogen fixation associated
with Miscanthus (Davis et al., 2010; Dohleman et al.,
2012). Nitrogenase activity has been found in both rhi-
zomes and surrounding soil bacteria (Eckert et al., 2001;
Miyamoto et al., 2004) with isotope analysis revealing
high levels of biologically fixed nitrogen in Miscanthus
biomass, particularly in the first year of establishment
(Keymer & Kent, 2013). Christian et al. (2008) followed
their Miscanthus crop for 14 years under three applica-
tion regimes, zero, 60, and 120 kg N ha1 yr1, and con-
cluded that there was no yield response from the
application of the N fertilizer although monitoring of
soil fertility and offtake did suggest, in these soils at
least, a benefit from additions of phosphate
(7 kg P ha1 yr1) and potassium (100 kg K ha1 yr1).
One trade-off to this low nitrogen requirement is that
emissions and leaching may initially rise following
planting into highly fertilized land or grassland killed
in preparation for conversion (Christian & Riche, 1998;
Behnke et al., 2012) as Miscanthus is unlikely to utilize
all the available nutrients in the establishing year. There
may, as mentioned in Heaton et al. (2010), be a case
made for trials of some suitable cover crop to be planted
during the transition to take advantage of these
resources.
Pesticide
Despite studies finding some incidence of agricultural
disease in Miscanthus (Christian et al., 1994; O’Neill &
Farr, 1996; Ahonsi et al., 2010), it does not appear to
have become a significant problem after more than a
decade of commercial growing in the UK, and pesti-
cides are still not generally considered necessary. Lamp-
tey et al. (2003) found that while Miscanthus (M. sinensis
in this case) was susceptible to yield losses from infec-
tion with Cereal Yellow Dwarf Virus after being inocu-
lated with them in laboratory experiments, it was more
resistant than other energy grasses in their study. All
were difficult to infect once the plants had got past the
seedling stage but of 18 Miscanthus plants none were
found to become infected when exposed to the virus
after stem extension. Even during its susceptible seed-
ling stage infection was only 33% despite deliberate
inoculation, compared to almost 100% for Phalaris
arundinacea and Echinochloa crus-galli. Lamptey et al.
(2003) did warn, though, that conventional rhizome
propagation and translocation of Miscanthus run the risk
of disease transfer between sites; care must be taken
that crops sourced for rhizomes are disease free as pes-
ticide control on field crops would be uneconomic and
undesirable for sustainable biomass production. The
results of such infections were seen in a Miscanthus field
trial in central Italy (Beccari et al., 2010) where 90% of
Fig. 7 Carbon intensity of Miscanthus pellets produced in the
UK outside excluded areas described in Lovett et al. (2014) and
mapped in Fig. 3. Units are g CO2-C equivalent per MJ energy
in the furnace. X-axis indicates potential area of land that could
produce Miscanthus at the carbon intensity index indicated on
the y-axis.
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the transplanted rhizomes failed to establish due to fun-
gal infection by Fusarium spp. and Mucor hiemalis. Field
contamination and improper rhizome storage (high
temperature and humidity) were cited as likely factors
and Miscanthus litter buried in soil have been found
previously to contain Fusarium spores (Gams et al.,
1999). Despite these possible challenges, disease inci-
dence is extremely low with the 14-year production life
with no pesticide application of Christian et al. (2008)
being typical.
Herbicide
Once established, Miscanthus competes vigorously with
weed species, litter build up below the canopy aids sup-
pression, and the fast closing canopy reduces light
available to competitors (Lewandowski et al., 2000;
Christian et al., 2008). In the establishing years however,
and particularly where grassland is converted, chemical
weed control is essential (Jørgensen, 2011). Control is
generally accomplished through conventional pre- and
postemergent herbicides, sometimes combined with
timely application of glyphosate immediately prior to
new Miscanthus shoot emergence, allowing weed spe-
cies some time to develop before application. Competi-
tion from grassland weeds in this type of land-use
transition can be challenging in the early years (Clifton-
Brown et al., 2007), and land-use change follows the
conventional practice of glyphosate spraying of the
existing vegetation, sometimes in two rounds, before
ploughing, soil preparation, and planting. Christian
et al. (2008) offer rare documentation of their complete
herbicide history over a 14-year Miscanthus study,
demonstrating that herbicide weed control was not nec-
essary every year with the bulk of their herbicide mixes
applied in years one and four with spring application of
glyphosate only in years 4 and 13, and they note the
effectiveness of the Miscanthus canopy structure and
litter layer in natural weed suppression.
Soil nitrous oxide (N2O) emission
N2O has a global warming potential 298 times greater
over 100 years than CO2 (IPCC, 2007), and agriculture is
the largest producer of this gas (Williams et al., 2010;
Reay et al., 2012). When comparing Miscanthus to more
usual annual crop rotations, it generally presents lower
N2O emission although it is well known that N2O can
be particularly challenging to scale from highly variable
individual measurements to landscape sums (Rochette
& Eriksen-Hamel, 2008; Jones et al., 2011). Drewer et al.
(2012) compared both Miscanthus and SRC willow to
arable rotations of wheat and oil seed rape (OSR),
reporting that despite this high variability in the results,
the mean N2O flux rates were around five times higher
under the annual crops than under the unfertilized
perennial bioenergy crops with differences being highly
significant. They also investigated the effects of adding
fertilizer to the Miscanthus and OSR control plots at
50 kg N ha1. Before application, Miscanthus flux rates
were around zero compared to OSR at 300 lg N2O-
N m2 h1; emissions began to rise within 24 h of the
treatment with the highest flux rate measured after
36 h. Miscanthus N2O emission rates rose to a maximum
of 330 lg N2O-N m
2 h1 compared to 2350 lg N2O-
N m2 h1 from the OSR. Emissions declined steadily
from there, and after 8 days, no significant difference
could be found between the two sites. This transient
increase in N2O following fertilization has been
reported in several studies, and Gauder et al. (2012)
measured emissions rising by a factor of four between
fertilized and unfertilized Miscanthus, although these
were still only around 30% of a fertilized maize compar-
ison. Jørgensen et al. (1997), however, measured flux
rates from fertilized Miscanthus at twice that of winter
rye during April and November, though still only
around 6% of the gross fossil fuel CO2 offset potential
they did represent about 1.5% of the mass of N applica-
tion, exceeding the IPCC tier 1 expectation of 1% (IPCC,
2007) this was corroborated by Behnke et al. (2012) who
found N2O emissions between 1.1 and 2.4% of applied
N. Roth et al. (2015) calculated the yield response to fer-
tilizer necessary to offset the GWP of this increased
N2O production. They carried out application trials at
63 and 125 kg N ha1 on a 15-year-old crop and con-
cluded that the increased biomass yields they observed
did outweigh increased N2O emissions; however, it
must be considered that their harvest was from a single
year and took place in November where biomass could
be in the region of 30% greater than the more usual
spring harvest. This might suggest that yield gains are
found in increased leaf biomass rather than stem which
would not translate into harvested biomass for energy
or figure in fossil fuel offset as in commercial practice,
leaves are ideally lost over winter.
Roth et al. (2013) compared newly established and
long-term Miscanthus plantations to 18-year-old grass-
land in Ireland. They found that N2O flux rates from
unfertilized Miscanthus are similar to unfertilized,
ungrazed Lolium grassland although they do suggest
higher rates during the early establishment period when
planted into previous grassland. They calculated cumu-
lative fluxes under newly established Miscanthus at
614 g N2O-N ha
1 yr1, less from the established long-
term Miscanthus at 378 g N2O-N ha
1 yr1 and lowest
from the grassland at 217 g N2O-N ha
1 yr1. How-
ever, being both unfertilized and ungrazed, this
grassland is an unrealistic comparison for commercial
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agriculture. Clayton et al. (1997) calculated a figure 10
times higher at 2.94 kg N2O-N ha
1 yr1 for fertilized,
ungrazed Lolium grassland, while Oenema et al. (1997),
studying intensively managed, grazed grassland, found
emissions rising still further, ranging from 10 to
40 kg N2O-N ha
1 yr1 as the effects of urine, tram-
pling and dung release around three times as much
N2O as mown grassland (Velthof et al., 1996; Rafique
et al., 2011).
Carbon intensity in energy production – life cycle
assessment
In theory, burning biomass for energy should be carbon
neutral as carbon released to the atmosphere was previ-
ously fixed from it during photosynthesis. Greenhouse
gas benefits lie in reduced fossil fuel use and associated
CO2 emission. In the case of crops or forest managed
specifically for bioenergy, there are additional energy
inputs and associated GHG costs required for the
production process that must be considered. Any
anthropological intervention in the process of growing
vegetation, changes in land cover, and tillage distur-
bance, using agrochemicals or altered water balances,
leads to changes in the soil’s physical and chemical
properties. Therefore, the cultivation of feedstock for
bioenergy will create some GHG emissions which need
to be compared to the land use they replace to estimate
the net impact on the atmosphere. The embedded car-
bon in the machinery and plant manufacture, energy
use in cultivation, agrochemicals, transport, and pro-
cessing/conversion of feedstock into fuel also need to
be added to the GHG cost of bioenergy in life cycle
analyses (LCA).
Hastings et al. (2009) compared Miscanthus produc-
tion to fossil fuels using a metric of g CO2-C equivalent
emissions per MJ of energy at the furnace. For fossil
fuels, they included the cost of exploration, production,
processing, and delivery to the furnace and for Miscant-
hus biomass; it was plant propagation to the furnace.
Their LCA included the impact on soil carbon per ha of
land and used crop yields as reported in Hastings et al.
(2013) to calculate soil input and energy yield. Estab-
lishment costs were spread over a 15-year crop lifetime
and followed the current practice of rhizome propaga-
tion with full tillage and two herbicide applications
during establishment. It assumed annual cutting, dry-
ing in the field in a swath, high-density bailing and pel-
leting, and nitrogen fertilizer sufficient to balance the
harvest offtake minus N deposition. The IPCC tier 1
N2O emission factor of 1% of applied N fertilizer was
used with the assumption that production emissions
are from European producers. This results in an amor-
tized GHG establishment cost of 124 kg C ha1 y1 and
a yield-related annual GHG cost of 57 kg C Mg1 of
crop. The results in Fig. 3c show most of the land in
the UK could produce Miscanthus biomass with a car-
bon index that is substantially lower, at 1.12 g CO2-C
equivalent per MJ energy in the furnace, than coal (33),
oil (22), LNG (21), Russian gas (20), and North Sea gas
(16) (Bond et al., 2014), thus offering large potential
GHG savings over comparable fuels even after account-
ing for variations in their specific energy contents. Fel-
ten et al. (2013) found Miscanthus energy production
(from propagation to final conversion) to offer far
higher potential GHG savings per unit land area when
compared to other bioenergy systems. They found Mis-
canthus (chips for domestic heating) saved
22.3  0.13 Mg CO2-eq ha1 yr1 compared to rape-
seed (biodiesel) at 3.2  0.38 and maize (biomass, elec-
tricity, and thermal) at 6.3  0.56. Only the low-input
Miscanthus was found to be effectively a CO2 sink.
Styles & Jones (2007) calculated GHG savings for Mis-
canthus in Ireland at 35 Mg CO2-eq ha
1 yr1, while
Brandao et al. (2011) gave a figure of 11.01 for the UK.
Of course these savings are determined by the specific
energy source they offset and comparisons do not
always account for displaced production. Styles et al.
(2015) investigated the effects of indirect land-use
change, that is considering GHG emissions from the
production of food displaced by bioenergy feedstock
production. They found only Miscanthus and rotational
maize offered GHG savings when these indirect land-
use change (iLUC) impacts were considered and the
percentage of displaced production that was directly
replaced determined a threshold. Typically replacing 2–
14% for food crops or grassland diverted into anaerobic
digestion negated potential GHG savings, whereas it
was around 85% for pelletized Miscanthus. The GHG
benefits for rotational maize were, however, heavily off-
set by ecosystem service impacts due to intensive pro-
duction, and of the six bioenergy crop systems
investigated, Miscanthus was shown to offer the greatest
benefits in ecosystem service provision. It was stressed,
though, that these positive effects could be localized,
consideration needed to be given where production
might be displaced to and the impacts of any land-use
changes incurred. The importance of understanding
indirect land-use change was also highlighted by
Tonini et al. (2012) who used sensitivity analysis to
show that uncertainties around this were significant
determinants in LCA results. They compared four con-
version pathways (AD, gasification, small-scale CHP,
and large-scale cofiring with coal) for ryegrass, willow,
and Miscanthus and found that when considering their
Danish systems, only large-scale cofiring of Miscanthus
and willow offered real GHG savings compared to fos-
sil fuel alternatives.
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Water balance
Water-use efficiency
Miscanthus has higher water-use efficiency (WUE) com-
pared to more conventional C3 crop species, and even
some other C4 crops which typically produce more
biomass per unit of water transpired (Long, 1983). Beale
et al. (1999) investigated WUE in field trials of Miscant-
hus and another potential C4 biomass crop, Spartina
cynosuroides, under both rain-fed and irrigated condi-
tions; they estimated the ratio of aboveground biomass
to water use for Miscanthus under rain-fed conditions at
9.2 g DM (kg H2O)
1 compared to 6.8 g DM (kg
H2O)
1 for S. cynosuroides. Both crops appeared to
become less efficient under irrigation, down by 15% for
Miscanthus to 7.8 g DM (kg H2O)
1 and 25% for
S. cynosuroides to 5.1 g DM (kg H2O)
1, possibly reflect-
ing greater canopy evaporation under the irrigation
regime. Beale et al. (1999) compared their results to the
water-use efficiency of a C3 biomass crop, Salix
viminalis, reported in Lindroth et al. (1994) and Lindroth
& Cienciala (1996), and suggest that WUE for Miscant-
hus could be around twice that of this willow species.
Clifton-Brown & Lewondowski (2000) reported figures
from 11.5 to 14.2 g total (above- and belowground) DM
(kg H2O)
1 for various Miscanthus genotypes in pot tri-
als, and this compares to figures calculated by Ehdaie &
Waines (1993) with seven wheat cultivars who found
WUE between 2.67 and 3.95 g total DM (kg H2O)
1.
Converting these Miscanthus values to dry matter
biomass per hectare of cropland would see ratios of bio-
mass to water use in the range of to 78–92 kg DM ha1
(mm H2O)
1. Richter et al. (2008) modelled harvestable
yield potentials for Miscanthus from 14 UK field trials
and found soil water available to plants was the most
significant factor in yield prediction, and they calculated
a DM yield to soil available water ratio at 55 kg
DM ha1 (mm H2O)
1, while just 13 kg DM ha1 was
produced for each 1 mm of incoming precipitation,
likely related to the high level of canopy interception
and evaporation. Even by C4 standards these efficien-
cies are high, as seen in comparisons to field measure-
ments averaging 27.5  0.4 kg aboveground DM ha1
(mm H2O)
1 for maize (Tolk et al., 1998).
Soil water balance
However, despite impressive efficiency figures, accumu-
lating biomass at the rapid rate that makes Miscanthus
interesting as an energy crop will inevitably lead to
increased demand for water and consideration needs to
be given to water availability when locating plantations
(Vanloocke et al., 2010). When Yaeger et al. (2013)
compared Miscanthus to corn and soya bean grown in
the American mid-West, they found that Miscanthus had
effectively a 2-month longer season of transpiration
which meant a reduction in soil water reserves during
low rainfall. This reduction can be exacerbated by the
dense canopy of Miscanthus which intercepts more rain
allowing more evaporation at the leaf level and less
throughfall to the soil compared to some other crops.
Stephens et al. (2001) modelled reductions in hydrologi-
cally effective rainfall (HER), that is rainfall that
becomes incorporated into the soil under Miscanthus
and willow compared to permanent grass and winter
wheat. Results showed reductions in HER under
Miscanthus were lower than those for willow SRC but
still large at between 100 and 120 mm yr1; using their
estimate for 0.10 Mha of energy crops reducing HER by
150 mm (average across both crops was 140–180 mm
yr1) meant 0.35 Mha would reduce rainfall reaching
the soil by 0.7% of total UK rainfall. Blanco-Canqui
(2010) point out that this water-use and nutrient effi-
ciency can be a boon on compacted, poorly drained acid
soils, highlighting their possible suitability for marginal
agricultural land. The greater porosity and lower bulk
density of soils under perennial energy grasses, result-
ing from more fibrous, extensive rooting systems, and
reduced ground disturbance, improves soil hydraulic
properties, infiltration, hydraulic conductivity, and
water storage compared to annual row crops. There
may be potentially large impacts on soil water where
plantation size is mismatched to water catchment or
irrigation availability but note that increased ET and
improved ground water storage through increased
porosity could be beneficial during high rainfall with
storage capability potentially increased by 100 to
150 mm. There is also a benefit of reduced chemical
inputs and nitrate leaching associated with Miscanthus,
significantly improving water quality running off
farmland (Christian & Riche, 1998; Curley et al., 2009).
McIsaac et al. (2010) reported that inorganic N leaching
was significantly lower under unfertilized Miscanthus
(1.5–6.6 kg N ha1 yr1) than a maize/soya bean rota-
tion (34.2–45.9 kg N ha1 yr1). They also reported that
soils under Miscanthus were drier and calculated
increased evapotranspiration from the Miscanthus at
104 mm yr1. Finch et al. (2004) studied UK energy
grasses and willow SRC and compared them to existing
grassland and arable. They found that in years of suffi-
cient rainfall, Miscanthus is likely to use less or the same
water as existing agricultural land. In drought years,
although Miscanthus was likely to impact more on soil
water deficits due to increased interception and rooting
depth, this could lead to reduced groundwater recharge
rates in drier years or reduced winter run-off in wetter
conditions.
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Biodiversity
AsMiscanthus is an agricultural crop, its place in an agri-
cultural landscape of fields, margins, and farm woodland
should be considered in terms of its potential to increase
or decrease resources for wildlife in land-use transitions.
How does it compare to existing land use or other poten-
tial energy crops? Felten & Emmerling (2011) compared
earthworm abundance under a 15-year-old Miscanthus
plantation in Germany to cereals, maize, OSR, grassland,
and a 20-year-old fallow site (after previous cereals).
Species diversity was higher in Miscanthus than that in
annual crops, more in line with grassland or long-term
fallow with management intensity seen to be the most
significant factor; the lower ground disturbance allowed
earthworms from different ecological categories to
develop a more heterogeneous soil structure. The highest
number of species was found in the grassland sites (6.8)
followed by fallow (6.4),Miscanthus (5.1), OSR (4.0), cere-
als (3.7), and maize (3.0) with total individual earthworm
abundance ranging from 62 m2 in maize sites to
355 m2 in fallow with Miscanthus taking a medium
position (132 m2), although differences in abundance
were not found to be significant between land uses.
There is some trade-off in this advantage for the earth-
worms however; the high-nitrogen-use efficiency and
nutrient cycling which reduces the need for nitrogen fer-
tilizer and its associated environmental harm means that,
despite large volumes being available,Miscanthus leaf lit-
ter does not provide a particularly useful food resource
due to its low-nitrogen, high-carbon nature (Ernst et al.,
2009; Heaton et al., 2009) and earthworms feeding on this
kind of low-nitrogen material have been found in other
studies to lose overall mass (Abbott & Parker, 1981). In
contrast, though, the extensive litter cover at ground
level under Miscanthus compared to the bare soil under
annual cereals was suggested to be a potentially signifi-
cant advantage for earthworms in soil surface moisture
retention and protection from predation.
Semere & Slater (2007a,b) sampled an exhaustive range
of aboveground indicator species at five sites in Here-
fordshire, UK. They compared results between Miscant-
hus, reed canary grass, and switchgrass and found
Miscanthus to contain high levels of diversity in compar-
ison with the other energy grasses; particularly evident
in terms of beetles, flies, and birds, with breeding sky-
larks and lapwings being recorded in the crop itself. It
was pointed out by the authors, however, that although
the overwinter vegetative structure provided an impor-
tant cover and habitat resource, it was the noncrop weed
species in and around the field sites that underpinned
the food webs supporting the bird species. This link
between crop density, weed content, and food resources
for birds was again demonstrated by Dauber et al. (2015)
who recorded the abundances of ground fauna, beetles,
spiders, etc., at 14 mature Miscanthus sites in SE Ireland.
They found light penetration through the canopy directly
related to within crop biodiversity, with Miscanthus
planted on previous grassland showing higher levels of
biodiversity compared to that planted on former arable.
This trade-off between crop success and within-crop
biodiversity is to be expected. For an economic return,
the most efficient capture of light by the crop canopy
will inevitably reduce noncrop weed resources for other
species. However, Miscanthus offers environmental ben-
efits in structural heterogeneity, low chemical inputs,
and overwinter ripening providing near continuous
cover. Particularly in a landscape of high-input arable
production, Miscanthus has the potential to offer a 10- to
15-year break crop allowing the soil and surrounding
field margins time to recover from intensive production.
Bellamy et al. (2009) looked at bird species and their
food resources at six paired sites in Cambridgeshire
comparing Miscanthus plantations up to 5 years old
with winter wheat rotations in both the winter and
summer breeding seasons. The authors found that Mis-
canthus offered a different ecological niche during each
season; most of the frequently occurring species in the
winter were woodland birds, whereas no woodland
birds were found in the wheat; in summer, however,
farmland birds were more numerous. More than half
the species occurring across the sites were more numer-
ous in the Miscanthus, 24 species recorded compared to
11 for wheat. During the breeding season, there was
once again double the number of species found at the
Miscanthus sites with individual abundances being
higher for all species except skylark. Considering only
birds whose breeding territories were either wholly or
partially within crop boundaries, a total of seven species
were found in the Miscanthus compared to five in the
wheat with greater density of breeding pairs (1.8 vs.
0.59 species ha1) and also breeding species (0.92 vs.
0.28 species ha1). Two species were at statistically sig-
nificant higher densities in the Miscanthus compared to
wheat, and none were found at higher densities in the
wheat compared to Miscanthus. As discussed, the struc-
tural heterogeneity, both spatially and temporally, plays
an important role in determining within-crop biodiver-
sity, autumn-sown winter wheat offers little overwinter
shelter with ground cover averaging 0.08 m tall and
very few noncrop plants, whereas the Miscanthus, at
around 2 m, offered far more. In the breeding season,
this difference between the crops remained evident; the
wheat fields provided a uniform, dense crop cover
throughout the breeding season with only tram lines
producing breaks, whereas the Miscanthus had a low
open structure early in the season rapidly increasing in
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height and density as the season progressed. Numbers
of birds declined as the crop grew with two bird species
in particular showing close (though opposite) correla-
tion between abundance and crop height; red-legged
partridge declined as the crop grew, whereas reed war-
blers increased, and these warblers were not found in
the crop until it had passed 1 m in height, even though
they were present in neighbouring OSR fields and vege-
tated ditches. In conclusion, the authors point out that,
for all species combined, bird densities in Miscanthus
were similar to those found in other studies looking at
SRC willow and set-aside fields, all sites had greater
bird densities than conventional arable crops.
It is through these added resources to an intensive
agricultural landscape and reductions in chemical and
mechanical pressure on field margins that Miscanthus
can play an important role in supporting biodiversity
but must be considered complementary to existing sys-
tems and the wildlife that has adapted to it. Clapham
et al. (2008) reports, as do the other studies here, that in
an agricultural landscape, it is in the field margins and
interspersed woodland that the majority of the wildlife
and their food resources are to be found, and the impor-
tant role that Miscanthus can play in this landscape is
the cessation of chemical leaching into these key habi-
tats, the removal of annual ground disturbance and soil
erosion, improved water quality, and the provision of
heterogeneous structure and overwinter cover.
Summary statements
Based on the literature evidence reviewed above, we
present here a number of summary statements address-
ing concerns and questions around the environmental
sustainability of Miscanthus production in the UK.
Potential UK land availability
• By planting in appropriate locations, government tar-
gets of 0.35 Mha of dedicated energy crops could be
sustainably met by Miscanthus production without
impacting essential food production.
• 0.35 Mha (2007 Biomass Strategy) would provide the
energy equivalent to 1.67 Mt of oil each year (1.17%
of total energy).
• 0.72–2.8 Mha (2012 Bioenergy Strategy) would
provide the equivalent of 3.44–13.38 Mt of oil yr1
(2.41–9.39% of total energy).
Soil carbon
• Former arable land converted to Miscanthus is
most likely to lead to no change or an accumula-
tion of soil organic carbon (SOC), becoming com-
parable to an agricultural grassland within the
lifetime of the crop. Miscanthus contributes
0.98  0.14 Mg C4-C ha1 yr1 through litter drop
and root turnover.
• Converting semi-permanent grassland to Miscanthus
by traditional establishment (spraying, ploughing,
tilling, and planting) results in an initial short-term
soil carbon loss which is recovered as the crop
matures.
Chemical inputs
• Nitrogen fertilizer is unnecessary and can be detri-
mental to sustainability, unless planted into low-fer-
tility soils where early establishment will benefit
from additions of around 50 kg N ha1.
• Early season herbicide application for weed control
is essential in the establishing years but becomes
redundant as the crop matures, other pesticides are
not needed.
GHG cost of energy production
• When considering the entire energy supply chain
burning, Miscanthus produces far less GHG per MJ
of energy than fossil fuels; 1.12 g CO2-C eq. com-
pared to coal (33), oil (22), gas (16–22).
Nitrous oxide (N2O) emission
• N2O emissions can be five times lower under unfer-
tilized Miscanthus than annual crops, and up to 100
times lower than intensive pasture land.
• Inappropriate nitrogen fertilizer additions can result
in significant increases in N2O emission from Mis-
canthus plantations, exceeding IPCC emission factors
although these are still offset by potential fossil fuel
replacement.
Water balance
• Water-use efficiency is among the highest of any
crop, in the range of 7.8–9.2 g DM (kg H2O)
1.
• Overall, water demand will increase due to high bio-
mass productivity and increased evapotranspiration
at the canopy level (e.g. ET up from wheat by 100–
120 mm yr1).
• Improved soil structures mean greater water-holding
capacity (e.g. up by 100–150 mm), although soils
may still be drier in drought years.
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• Reduced run-off in wetter years, aiding flood mitiga-
tion and reducing soil erosion.
• Drainage water quality is improved, and nitrate
leaching is significantly lower than arable (e.g. 1.5–
6.6 kg N ha1 yr1 Miscanthus, 34.2–45.9 maize/soya
bean).
Biodiversity
• Miscanthus adds structural resources to agricultural
landscapes, provides overwinter cover, and increases
temporal variability which is accessed by different
bird species in different seasons.
• Earthworm diversity and abundance is improved in
arable soils and comparable to grassland soils
although biomass may be reduced through poorer
food quality.
• Reduced chemical inputs improve headland and
field boundary quality for wildlife.
• Unpalatability of leaf litter and harvest residue
removes the need for pest control but trade-off food
resources for invertebrates within the cropped area
are only provided by interspersed weed species are
limited to weed species.
Conclusion
This study distils a large body of literature into simple
statements around the environmental costs and benefits
of producing Miscanthus in the UK, and while there is
scope for further research, particularly around hydrol-
ogy at a commercial scale, biodiversity in older planta-
tions or higher frequency sampling for N2O in land-use
transitions to and from Miscanthus, clear indications of
environmental sustainability do emerge. Any agricul-
tural production is primarily based on human demand,
and there will always be a trade-off between nature and
humanity or one benefit and another; however, the litera-
ture suggests that Miscanthus can provide a range of
benefits while minimizing environmental harm. Consid-
eration must be given to appropriateness of plantation
size and location, whether there will be enough water to
sustain its production and the environmental cost of
transportation to end-users; its role as a long-term peren-
nial crop in a landscape of rotational agriculture must be
understood so as not to interfere with essential food pro-
duction. There is nothing new in these considerations,
they lie at the heart of any agricultural policy, and deci-
sion-makers are familiar with these issues; the environ-
mental evidence gathered here will help provide the
scientific basis to underpin future agricultural policy. It
is only through an understanding at the government
level that uptake of Miscanthus will be able to fulfil its
potential in the UK bioenergy sector. Despite clear envi-
ronmental benefits and developing supply chains,
uptake ofMiscanthus production remains low among UK
farmers and there is much inertia to overcome. Financial
considerations are paramount in farmers’ willingness to
adopt novel crops and production practices and uncer-
tainty around grant funding, establishment costs, poten-
tial yields, and sale price limits confidence (Sherrington
et al., 2008; Adams et al., 2011). There is, however, grow-
ing awareness of the bigger picture of environmental
stewardship and climate change mitigation (Glithero
et al., 2013) and farmers stress the need for clear, unbi-
ased information on all aspects of bioenergy; from the
entire cycle of crop management and marketing to end
use, biomass boilers for on-farm use and local energy
supply. There is a problem of ‘chicken and egg’ in devel-
oping these markets; farmers need the incentive of a
mature market to sell into to encourage their uptake of
these crops, whereas energy producers need a large-
scale, secure, predictable supply of biomass to invest in
the technologies to utilize them. Without top-down inter-
vention, and policy stability, it will be difficult for a ‘criti-
cal mass’ of growers to develop to provide confidence in
energy crop supply.
Acknowledgements
This study was supported by the BBSRC (Sparking Impact
Award and GIANT-LINK project LK0863), by Natural Environ-
ment Research Council (NERC) as part of the Carbo-BioCrop
project (NE/H01067X/1) and by the MAGLUE project. Many
thanks also to Jonathan Scurlock of the National Farmers’
Union (NFU) and Jeremy Woods of Imperial College, London,
for advice and feedback.
References
Abbott I, Parker C (1981) Interactions between earthworms and their soil environ-
ment. Soil Biology and Biochemistry, 13, 191–197.
Adams PW, Hammond GP, McManus MC, Mezzullo WG (2011) Barriers to and dri-
vers for UK bioenergy development. Renewable and Sustainable Energy Reviews, 15,
1217–1227.
Agostini F, Gregory AS, Richter GM (2015) Carbon sequestration by perennial
energy crops: is the jury still out? BioEnergy Research, 1–24.
Ahonsi MO, Agindotan BO, Williams DW, Arundale R, Gray ME, Voigt TB, Bradley
CA (2010) First report of Pithomyces chartarum causing a leaf blight of Miscant-
hus 9 giganteus in Kentucky. Plant Disease, 94, 480–480.
Alexander P, Moran D, Smith P et al. (2014) Estimating UK perennial energy crop
supply using farm-scale models with spatially disaggregated data. GCB-Bioenergy,
6, 142–155.
Anderson-Teixeira KJ, Davis SC, Masters MD, Delucia EH (2009) Changes in soil
organic carbon under biofuel crops. GCB Bioenergy, 1, 75–96.
Balesdent J, Mariotti A, Guillet B (1987) Natural 13 C abundance as a tracer for stud-
ies of soil organic matter dynamics. Soil Biology and Biochemistry, 19, 25–30.
Bauen AW, Dunnett AJ, Richter GM, Dailey AG, Aylott M, Casella E, Taylor G
(2010) Modelling supply and demand of bioenergy from short rotation coppice
and Miscanthus in the UK. Bioresource Technology, 101, 8132–8143.
Beale CV, Morison JI, Long SP (1999) Water use efficiency of C4 perennial grasses in
a temperate climate. Agricultural and Forest Meteorology, 96, 103–115.
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
16 J . P . MCCALMONT et al.
Beccari G, Covarelli L, Balmas V, Tosi L (2010) First report of Miscanthus 9 gigan-
teus rhizome rot caused by Fusarium avenaceum, Fusarium oxysporum and Mucor
hiemalis. Australasian Plant Disease Notes, 5, 28–29.
Behnke GD, David MB, Voigt TB (2012) Greenhouse gas emissions, nitrate leaching,
and biomass yields from production of Miscanthus 9 giganteus in Illinois, USA.
BioEnergy Research, 5, 801–813.
Bellamy PE, Croxton PJ, Heard MS et al. (2009) The impact of growing Miscanthus
for biomass on farmland bird populations. Biomass and Bioenergy, 33, 191–199.
Blanco-Canqui H (2010) Energy crops and their implications on soil and environ-
ment. Agronomy Journal, 102, 403–419.
Bond CE, Roberts J, Hastings AFSJ, Shipton Z, Joao E, Tabyldy K, Stephenson M
(2014) ClimateXChange. Available at: http://www.climatexchange.org.uk/
reducing-emissions/life-cycle-assessment-ghg-emissions-unconventional-gas1/
(accessed 2 February 2015).
Bosatta E, Agren GI (1985) Theoretical analysis of decomposition of heterogeneous
substrates. Soil Biology and Biochemistry, 17, 601–610.
Brandao M, Mila i Canals L, Clift R (2011) Soil organic carbon changes in the cultiva-
tion of energy crops: Implications for GHG balances and soil quality for use in
LCA. Biomass and Bioenergy, 35, 2323–2336.
Cadoux S, Riche AB, Yates Nicola E, Machet JM (2012) Nutrient requirements of
Miscanthus 9 giganteus: conclusions from a review of published studies. Biomass
and Bioenergy, 38, 14–22.
Cheng W (2009) Rhizosphere priming effect: its functional relationships with micro-
bial turnover, evapotranspiration, and C-N budgets. Soil Biology and Biochemistry,
41, 1795–1801.
Cherubini F, Bird ND, Cowie A, Jungmeier G, Schlamadinger B, Woess-Gallasch S
(2009) Energy-and greenhouse gas-based LCA of biofuel and bioenergy systems:
key issues, ranges and recommendations. Resources, Conservation and Recycling,
53, 434–447.
Christian D, Riche A (1998) Nitrate leaching losses under Miscanthus grass planted
on a silty clay loam soil. Soil Use and management, 14, 131–135.
Christian DG, Lamptey JNL, Forde SMD, Plumb RT (1994) First report of barley
yellow dwarf luteovirus on Miscanthus in the United Kingdom. European Journal
of Plant Pathology, 100, 167–170.
Christian DG, Poulton PR, Riche AB, Yates NE, Todd AD (2006) The recovery over
several seasons of 15N-labelled fertilizer applied to Miscanthus 9 giganteus rang-
ing from 1 to 3 years old. Biomass and Bioenergy, 30, 125–133.
Christian D, Riche A, Yates N (2008) Growth, yield and mineral content of Miscant-
hus 9 giganteus grown as a biofuel for 14 successive harvests. Industrial Crops
and Products, 28, 320–327.
Clapham SJ, Slater FM, Booth E et al. (2008) The biodiversity of established biomass
grass crops. Aspects of Applied Biology, 90, 325–329.
Clayton H, McTaggart IP, Parker J, Swan L, Smith KA (1997) Nitrous oxide emis-
sions from fertilised grassland: a 2-year study of the effects of N fertiliser form
and environmental conditions. Biology and Fertility of Soils, 25, 252–260.
Clifton-Brown JC, Lewondowski I (2000) Water use efficiency and biomass partition-
ing of three different Miscanthus genotypes with limited and unlimited water
supply. Annals of Botany, 86, 191–200.
Clifton-Brown JC, Stampfl PF, Jones MB (2004) Miscanthus biomass production for
energy in Europe and its potential contribution to decreasing fossil fuel carbon
emissions. Global Change Biology, 10, 509–518.
Clifton-Brown JC, Breuer J, Jones MB (2007) Carbon mitigation by the energy crop,
Miscanthus. Global Change Biology, 13, 2296–2307.
Cox PM, Betts RA, Jones CD, Spall SA, Totterdell IJ (2011) Acceleration of global warm-
ing due to carbon-cycle feedbacks in a coupled climatemodel.Nature, 408, 331.
Crutzen PJ, Mosier AR, Smith KA, Winiwarter W (2008) N 2 O release from agro-
biofuel production negates global warming reduction by replacing fossil fuels.
Atmospheric Chemistry and Physics, 8, 389–395.
Curley EM, O’Flynn MG, McDonnell KP et al. (2009) Nitrate leaching losses from
Miscanthus 9 giganteus impact on groundwater quality. Journal of Agronomy, 8,
107–112.
Dauber J, Cass S, Gabriel D, Harte K, Astrom S, O’Rourke E, Stout JC (2015) Yield-
biodiversity trade-off in patchy fields of Miscanthus 9 giganteus. GCB Bioenergy,
7, 455–467.
Davis SC, Parton WJ, Dohleman FG, Smith CM, Del Grosso S, Kent AD, DeLucia EH
(2010) Comparative biogeochemical cycles of bioenergy crops reveal nitrogen-fix-
ation and low greenhouse gas emissions in a Miscanthus 9 giganteus agro-ecosys-
tem. Ecosystems, 13, 144–156.
DEFRA (2014a) UK non-food statistical summary. Available at: https://www.
gov.uk/government/uploads/system/uploads/attachment_data/file/377944/non-
food-statsnotice2012-25nov14.pdf (accessed 27 January 2015).
DEFRA (2014b) Change in the area and distribution of set-aside in the England and
its environmental impact. Available at: http://archive.defra.gov.uk/evidence/
statistics/foodfarm/enviro/observatory/research/documents/observatory08.pdf
(accessed 27 January 2015).
DEFRA (2014c) Agriculture in the United Kingdom 2013. Available at: https://
www.gov.uk/government/uploads/system/uploads/attachment_data/file/
315103/auk-2013-29may14.pdf (accessed 27 January 2015).
DEFRA (2014d) Farming statistics – final crop areas, yields, livestock populations
and agricultural workforce at 1 June 2013 – UK. Available at: https://www.-
gov.uk/government/statistics/farming-statistics-final-crop-areas-yields-livestock-
populations-and-agricultural-workforce-at-1-June-2013-uk (accessed 27 January
2015).
Department of Energy and Climate Change (DECC) (2012) UK bioenergy strategy.
Available at: http://www.gov.uk/government/uploads/system/uploads/attach-
ment_data/file/48337/5142-bioenergy-strategy-.pdf (accessed 27 January 2015).
Department of Food and Rural Affairs (DEFRA) (2007) UK biomass strategy. Avail-
able at: http://www.biomassenergycentre.org.uk/pls/portal/docs/PAGE/
RESOURCES/REF_LIB_RES/PUBLICATIONS/UKBIOMASSSTRATEGY.PDF
(accessed 27 January 2015).
Dohleman FG, Heaton EA, Arundale RA, Long SP (2012) Seasonal dynamics of
above-and below-ground biomass and nitrogen partitioning in Miscanthus 9 gi-
ganteus and Panicum virgatum across three growing seasons. GCB Bioenergy, 4,
534–544.
Don A, Osborne B, Hastings A et al. (2012) Land-use change to bioenergy produc-
tion in Europe: implications for the greenhouse gas balance and soil carbon. GCB
Bioenergy, 4, 372–391.
Dondini M, Hastings A, Saiz G, Jones MB, Smith P (2009a) The potential of Miscant-
hus to sequester carbon in soils: comparing field measurements in Carlow, Ireland
to model predictions. GCB Bioenergy, 1, 413–425.
Dondini M, Van Groenigen K-J, Del Galdo I, Jones MB (2009b) Carbon sequestration
under Miscanthus: a study of 13C distribution in soil aggregates. GCB Bioenergy, 1,
321–330.
Drewer J, Finch JW, Lloyd CR, Baggs EM, Skiba U (2012) How do soil emissions of
N2O, CH4 and CO2 from perennial bioenergy crops differ from arable annual
crops? GCB Bioenergy, 4, 408–419.
DUKES (2014a) Digest of UK energy statistics. Available at: https://www.-
gov.uk/government/collections/digest-of-uk-energy-statistics-dukes (accessed 27
January 2015).
DUKES (2014b) Digest of UK energy statistics, online summary figures. Available at:
https://www.gov.uk/government/uploads/system/uploads/attachment_data/
file/338768/DUKES_2014_internet_content.pdf (accessed 27 January 2015).
Eckert B, Weber OB, Kirchhof G et al. (2001) Azospirillum doebereinerae sp. nov., a
nitrogen-fixing bacterium associated with the C4-grass Miscanthus. International
Journal of Systematic and Evolutionary Microbiology, 51, 17–26.
Ehdaie B, Waines JG (1993) Variation in water-use efficiency and its components in
wheat: I. Well-watered pot experiment. Crop Science, 33, 294–299.
Ernst G, Henseler I, Felten D, Emmerling C (2009) Decomposition and mineraliza-
tion of energy crop residues governed by earthworms. Soil Biology and Biochem-
istry, 41, 1548–1554.
ETI (2015) Bioenergy Insights into the future UK Bioenergy Sector, gained using the
ETI’s Bioenergy Value Chain Model (BVCM). Available at: http://www.
eti.co.uk/wp-content/uploads/2015/03/Bioenergy-Insights-into-the-future-
UK-Bioenergy-Sector-gained-using-the-ETIs-Bioenergy-Value-Chain-Model.pdf
(accessed 14 April 2015).
Felten D, Emmerling C (2011) Effects of bioenergy crop cultivation on earthworm
communities—a comparative study of perennial Miscanthus and annual crops
with consideration of graded land-use intensity. Applied Soil Ecology, 49, 167–177.
Felten D, Emmerling C (2012) Accumulation of Miscanthus-derived carbon in soils in
relation to soil depth and duration of land use under commercial farming condi-
tions. Journal of Plant Nutrition and Soil Science, 175, 661–670.
Felten D, Frӧba N, Fries J, Emmerling C (2013) Energy balances and greenhouse gas-
mitigation potentials of bioenergy cropping systems (Miscanthus, rapeseed, and
maize) based on farming conditions in Western Germany. Renewable Energy, 55,
160–174.
Finch JW, Hall RL, Rosier PTW et al. (2004) The Hydrological Impacts of Energy Crop
Production in the UK-Final Report. Department of Trade and Industry, London, 151.
Gams W, Klamer M, O’Donnell K (1999) Fusarium miscanthi sp. nov. from Miscant-
hus litter. Mycologia, 91, 263–268.
Gauder M, Butterbach-Bahl K, Graeff-Hӧnninger S, Claupein W, Wiegel R (2012)
Soil-derived trace gas fluxes from different energy crops-results from a field
experiment in Southwest Germany. GCB Bioenergy, 4, 289–301.
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
MISCANTHUS ENVIRONMENTAL COSTS & BENEFITS 17
Gelfand I, Zenone T, Jasrotia P, Chen J, Hamilton SK, Robertson GP (2011) Carbon
debt of Conservation Reserve Program (CRP) grasslands converted to bioenergy
production. Proceedings of the National Academy of Sciences of the United States of
America, 108, 13864–13869.
Gifford RM, Roderick ML (2003) Soil carbon stocks and bulk density: spatial or
cumulative mass coordinates as a basis of expression? Global Change Biology, 9,
1507–1514.
Glithero NJ, Wilson P, Ramsden SJ (2013) Prospects for arable farm uptake of Short
Rotation Coppice willow and miscanthus in England. Applied Energy, 107, 209–218.
Godfray HCJ, Garnett T (2014) Food security and sustainable intensification. Philo-
sophical Transactions of the Royal Society B: Biological Sciences, 369, 20120273.
Goulding KWT, Bailey NJ, Bradbury NJ et al. (1998) Nitrogen deposition and its con-
tribution to nitrogen cycling and associated soil processes. New Phytologist, 139,
49–58.
Hansen EM, Christensen BT, Jensen LS, Kristensen K (2004) Carbon sequestration in
soil beneath long-term Miscanthus plantations as determined by 13C abundance.
Biomass and Bioenergy, 26, 97–105.
Harvey J (2007) A versatile solution-growing Miscanthus for bioenergy. Renewable
Energy World, 10, 86.
Hastings A, Clifton-Brown J, Wattenbach M, Stampfl P, Paul Mitchell P, Pete Smith
P (2008) Potential of Miscanthus grasses to provide energy and hence reduce
greenhouse gas emissions. Agronomy for Sustainable Development, 28, 465–472.
Hastings A, Clifton-Brown J, Wattenbach M, Mitchell CP, Stampfl P, Smith P (2009)
Future energy potential of Miscanthus in Europe. GCB-Bioenergy, 1, 180–196.
Hastings A, Yeluripati J, Hillier J, Smith P (2012) Chapter 12 – Biofuel crops and
greenhouse gasses. In: Biofuel Crop Sustainability (ed. Singh BP), pp. 383–406. Wi-
ley Blackwell, Danvers, MA. ISBN 978-0-470-96304-3
Hastings A, Tallis M, Casella E, Matthews R, Milner S, Smith P, Taylor G (2013) The
technical potential of Great Britain to produce lingo-cellulosic biomass for bioen-
ergy in current and future climates. Global Change Biology – Bioenergy, 6, 108–122.
Heaton EA, Dohleman FG, Long SP (2008) Meeting US biofuel goals with less land:
the potential of Miscanthus. Global Change Biology, 14, 2000–2014.
Heaton EA, Dohleman FG, Long SP (2009) Seasonal nitrogen dynamics of Miscant-
hus 9 giganteus and Panicum virgatum. GCB Bioenergy, 1, 297–307.
Heaton EA, Dohleman FG, Fernando Miguez A et al. (2010) Miscanthus: a promising
biomass crop. Advances in Botanical Research, 56, 75–136.
Hillier J, Whittaker C, Dailey G et al. (2009) Greenhouse gas emissions from four
bioenergy crops in England and Wales: integrating spatial estimates of yield and
soil carbon balance in life cycle analyses. GCB Bioenergy, 1, 267–281.
Intergovernmental Panel on Climate Change (IPCC) (2007) Climate Change 2007: The
Physical Science Basis, Contribution of Working Group I, II and III to the Fourth Assess-
ment Report of the IPCC Chapter 2 (eds Solomon S, Qin D, Manning M et al.), pp.
1–996. Cambridge University Press, Cambridge.
Intergovernmental Panel on Climate Change (IPCC) (2014) Summary for policymak-
ers. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global
and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (eds Field CB, Barros VR, Dokken
DJ, Mach KJ, Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Gen-
ova RC, Girma B, Kissel ES, Levy AN, MacCracken S, Mastrandrea PR, White
LL), pp. 1–32. Cambridge University Press, Cambridge, UK and New York, NY.
Jones SK, Famulari D, Di Marco CF, Nemitz E, Skiba UM, Rees RM, Sutton MA
(2011) Nitrous oxide emissions from managed grassland: a comparison of eddy
covariance and static chamber measurements. Atmospheric Measurement Tech-
niques, 4, 2179–2194.
Jørgensen U (2011) Benefits versus risks of growing biofuel crops: the case of Mis-
canthus. Current Opinion in Environmental Sustainability, 3, 24–30.
Jørgensen RN, Jørgensen BJ, Nielsen NE, Maag M, Lind AM (1997) N2O emission
from energy crop fields of Miscanthus 9 Giganteus and winter rye. Atmospheric
Environment, 31, 2899–2904.
Kahle P, Beuch S, Boelcke B, Leinweber P, Schulten HR (2001) Cropping of Miscant-
hus in Central Europe: biomass production and influence on nutrients and soil
organic matter. European Journal of Agronomy, 15, 171–184.
Keymer DP, Kent AD (2013) Contribution of nitrogen fixation to first year Miscant-
hus 9 giganteus. GCB Bioenergy, 6, 577–586.
Kim S, Dale BE (2005) Life cycle assessment of various cropping systems utilized for
producing biofuels: bioethanol and biodiesel. Biomass and Bioenergy, 29, 426–439.
Kravchenko A, Robertson G (2011) Whole-profile soil carbon stocks: the danger of
assuming too much from analyses of too little. Soil Science Society of America Jour-
nal, 75, 235–240.
Kuzyakov Y (2010) Priming effects: interactions between living and dead organic
matter. Soil Biology and Biochemistry, 42, 1363–1371.
Lal R (2004) Soil carbon sequestration to mitigate climate change. Geoderma, 123, 1–22.
Lamptey J, Plumb R, Shaw M (2003) Interactions between the Grasses Phalaris arun-
dinacea, Miscanthus sinensis and Echinochloa crus-galli, and Barley and Cereal
Yellow Dwarf Viruses. Journal of Phytopathology, 151, 463–468.
Lange M (2011) The GHG balance of biofuels taking into account land use change.
Energy Policy, 39, 2373–2385.
Lewandowski I, Schmidt U (2006) Nitrogen, energy and land use efficiencies of Mis-
canthus, reed canary grass and triticale as determined by the boundary line
approach. Agriculture, Ecosystems & Environment, 112, 335–346.
Lewandowski I, Clifton-Brown JC, Scurlock JMO, Huisman W (2000) Miscanthus:
European experience with a novel energy crop. Biomass and Bioenergy, 19, 209–227.
Lewandowski I, Scurlock JMO, Lindvall E, Christou M (2003) The development and
current status of perennial rhizomatous grasses as energy crops in the US and
Europe. Biomass and Bioenergy, 25, 335–361.
Lindroth A, Cienciala E (1996) Water use efficiency of short- rotation Salix viminalis
at leaf, tree and stand scales. Tree Physiology, 16, 257–262.
Lindroth A, Verwijst T, Halldin S (1994) Water-use efficiency of willow: variation
with season, humidity, and biomass allocation. Hydrology, 156, 1–19.
Long S (1983) C4 photosynthesis at low temperatures. Plant Cell & Environment, 6,
345–363.
Lovett AA, S€unnenberg GM, Richter GM, Dailey AG, Riche AB, Karp A (2009) Land
use implications of increased biomass production identified by GIS-based suitability
and yield mapping forMiscanthus in England. Bioenergy Research, 2, 17–28.
Lovett A, S€unnenberg G, Dockerty T (2014) The availability of land for perennial
energy crops in Great Britain. GCB Bioenergy, 6, 99–107.
Mackey B, Prentice IC, Steffen W et al. (2013) Untangling the confusion around land
carbon science and climate change mitigation policy. Nature Climate Change, 3,
552–557.
McIsaac GF, David MB, Mitchell CA (2010) Miscanthus and switchgrass production
in central Illinois: impacts on hydrology and inorganic nitrogen leaching. Journal
of Environmental Quality, 39, 1790–1799.
Milner S, Lovett A, Holland R, Sunnenberg G, Hastings A, Smith P, Taylor G (2015)
A preliminary assessment of the ecosystem service impacts of bioenergy in GB to
2050. Global Change Biology-Bioenergy, doi: 10.1111/gcbb.12263.
Miyamoto T, Kawahara M, Minamisawa K (2004) Novel endophytic nitrogen-fixing
clostridia from the grass Miscanthus sinensis as revealed by terminal restriction
fragment length polymorphism analysis. Applied and Environmental Microbiology,
70, 6580–6586.
Naik SN, Goud VV, Rout PK, Dalai AK (2010) Production of first and second genera-
tion biofuels: a comprehensive review. Renewable and Sustainable Energy Reviews,
14, 578–597.
Oenema O, Velthof GL, Yamulki S, Jarvis SC (1997) Nitrous oxide emissions from
grazed grassland. Soil Use and Management, 13 (Suppl. 4), 288–295.
Ofgem (2014) UK biomass sustainability figures. Available at: https://www.ofgem.-
gov.uk/publications-and-updates/biomass-sustainability-dataset-2012-13 (ac-
cessed 27 January 2015).
O’Neill NR, Farr DF (1996) Miscanthus blight, a new foliar disease of ornamental
grasses and sugarcane incited by Leptosphaeria sp. and its anamorphic state
Stagonospora sp. Plant Disease, 80, 980–987.
Poeplau C, Don A (2014) Soil carbon changes under Miscanthus driven by C4 accu-
mulation and C3 decomposition-toward a default sequestration function. GCB
Bioenergy, 6, 327–338.
Post WM, Peng T-H, Emanuel WR et al. (1990) The global carbon cycle. American
Scientist, 78, 310–326.
Rafique R, Hennessy D, Kiely G (2011) Nitrous oxide emission from grazed grass-
land under different management systems. Ecosystems, 14, 563–582.
Reay DS, Davidson EA, Smith KA et al. (2012) Global agriculture and nitrous oxide
emissions. Nature Climate Change, 2, 410–416.
Richter GM, Riche AB, Dailey AG, Gezan SA, Powlson DS (2008) Is UK biofuel
supply from Miscanthus water-limited? Soil Use and Management, 24, 235–245.
Richter GM, Agostini F, Redmile-Gordon M, White R, Goulding KWT (2015) Seques-
tration of C in soils underMiscanthus can be marginal and is affected by genotype-
specific root distribution. Agriculture Ecosystems & Environment, 200, 169–177.
Rochette P, Eriksen-Hamel NS (2008) Chamber measurements of soil nitrous oxide
flux: are absolute values reliable? Soil Science Society of America Journal, 72, 331–342.
Roth B, Jones M, Burke J, Williams M (2013) The effects of land-use change from
grassland to Miscanthus 9 giganteus on Soil N2O emissions. Land, 2, 437–451.
Roth B, Finnan JM, Jones MB, Burke JI, Williams ML (2015) Are the benefits of yield
responses to nitrogen fertilizer application in the bioenergy crop Miscanthus 9 gi-
ganteus offset by increased soil emissions of nitrous oxide? GCB Bioenergy, 7,
145–152.
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
18 J . P . MCCALMONT et al.
Scharlemann J, Tanner EVJ, Hiederer R, Kapos V (2014) Global soil carbon: under-
standing and managing the largest terrestrial carbon pool. Carbon Management, 5,
81–91.
Schneckenberger K, Kuzyakov Y (2007) Carbon sequestration under Miscanthus in
sandy and loamy soils estimated by natural 13C abundance. Journal of Plant Nutri-
tion and Soil Science, 170, 538–542.
Searchinger T, Heimlich R, Houghton RA et al. (2008) Use of US croplands for biofu-
els increases greenhouse gases through emissions from land-use change. Science,
319, 1238–1240.
Semere T, Slater F (2007a) Ground flora, small mammal and bird species diversity in
Miscanthus (Miscanthus 9 giganteus) and reed canary-grass (Phalaris arundinacea)
fields. Biomass and Bioenergy, 31, 20–29.
Semere T, Slater F (2007b) Invertebrate populations in Miscanthus (Miscanthus 9 gi-
ganteus) and reed canary-grass (Phalaris arundinacea) fields. Biomass and Bioenergy,
31, 30–39.
Sherrington C, Bartley J, Moran D (2008) Farm-level constraints on the domestic
supply of perennial energy crops in the UK. Energy Policy, 36, 2504–2512.
Shield IF, Barraclough TJP, Riche AB, Yates NE (2014) The yield and quality
response of the energy grass Miscanthus 9 giganteus to fertiliser applications of
nitrogen, potassium and sulphur. Biomass and Bioenergy, 68, 185–194.
Smith P, Powlson D, Glendining M, Smith JO (1997) Potential for carbon sequestra-
tion in European soils: preliminary estimates for five scenarios using results from
long-term experiments. Global Change Biology, 3, 67–79.
Stephens W, Hess TM, Knox JW (2001).Review of the effects of energy crops on
hydrology. NF0416, Cranfield University MAFF.
Styles D, Jones MB (2007) Energy crops in Ireland: quantifying the potential life-cy-
cle greenhouse gas reductions of energy-crop electricity. Biomass and Bioenergy,
31, 759–772.
Styles D, Gibbons J, Williams AP et al. (2015) Consequential life cycle assessment of
biogas, biofuel and biomass energy options within an arable crop rotation. GCB
Bioenergy, doi: 10.1111/gcbb.12246
Tallis MJ, Casella E, Henshall PA, Aylott MJ, Randle TJ, Morison JIL, Taylor G
(2013) Development and evaluation of ForestGrowth-SRC a process-based model
for short rotation coppice yield and sopatial supply reveals poplar uses water
more efficiently than willow. GCB Bioenergy, 5, 53–66.
Tilman D, Socolow R, Foley JA et al. (2009) Beneficial biofuels—the food, energy,
and environment trilemma. Science, 325, 270.
Tilman D, Balzer C, Hill J, Befort BL (2011) Global food demand and the sustainable
intensification of agriculture. Proceedings of the National Academy of Sciences of the
Unites States of America, 108, 20260–20264.
Tolk JA, Howell TA, Evett SR (1998) Evapotranspiration and yield of corn grown on
three High Plains soils. Agronomy Journal, 90, 447–454.
Tonini D, Hamelin L, Wenzel H, Astrup T (2012) Bioenergy production from peren-
nial energy crops: a consequential LCA of 12 bioenergy scenarios including land
use changes. Environmental Science & Technology, 46, 13521–13530.
Valentine J, Clifton-Brown JC, Hastings A, Robson P, Allison G, Smith P (2012)
Food vs. fuel: the use of land for lignocellulosic “next generation” energy
crops that minimize competition with primary food production. GCB Bioen-
ergy, 4, 1–19.
Vanloocke A, Bernacchi CJ, Twine TE (2010) The impacts of Miscanthus 9 gigan-
teus production on the Midwest US hydrologic cycle. GCB Bioenergy, 2, 180–
191.
Velthof G, Brader A, Oenema O (1996) Seasonal variations in nitrous oxide
losses from managed grasslands in The Netherlands. Plant and Soil, 181, 263–
274.
Williams AG, Audsley E, Sandars DL (2010) Environmental burdens of producing
bread wheat, oilseed rape and potatoes in England and Wales using simulation
and system modelling. The International Journal of Life Cycle Assessment, 15, 855–
868.
Yaeger MA, Sivapalan M, McIsaac GF, Cai X (2013) Comparative analysis of
hydrologic signatures in two agricultural watersheds in east-central Illinois:
legacies of the past to inform the future. Hydrology and Earth System Sciences,
17, 4607–4623.
Zatta A, Clifton-Brown JC, Robson P, Hastings A, Monti A (2014) Land use change
from C3 grassland to C4 Miscanthus: effects on soil carbon content and estimated
mitigation benefit after six years. GCB Bioenergy, 6, 360–370.
Zenone T, Gelfand I, Chen J, Hamilton SK, Robertson GP (2013) From set-aside
grassland to annual and perennial cellulosic biofuel crops: Effects of land use
change on carbon balance. Agricultural and Forest Meteorology, 182, 1–12.
Zhuang Q, Qin Z, Chen M (2013) Biofuel, land and water: maize, switchgrass or
Miscanthus? Environmental Research Letters, 8, 015020.
Zimmermann J, Dauber J, Jones MB (2012) Soil carbon sequestration during the
establishment phase of Miscanthus 9 giganteus: a regional-scale study on
commercial farms using 13C natural abundance. GCB Bioenergy, 4, 453–461.
© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12294
MISCANTHUS ENVIRONMENTAL COSTS & BENEFITS 19
